Multiple sclerosis (MS) is a chronic disease with a progressing and evolving course. Serial imaging with MRI is the mainstay in monitoring and managing MS patients. In this work we demonstrate the performance of a locally developed computer-assisted detection (CAD) software used to track temporal changes in brain MS lesions. CAD tracks changes in T2-bright MS lesions between two time points on a 3D high-resolution isotropic FLAIR MR sequence of the brain acquired at 3 Tesla. The program consists of an image-processing pipeline, and displays scrollable difference maps used as an aid to the neuroradiologist for assessing lesional change. To assess the value of the software we have compared diagnostic accuracy and duration of interpretation of the CAD-assisted and routine clinical interpretations in 98 randomly chosen, paired MR examinations from 88 patients (68 women, 20 men, mean age 43.5, age range 21-75) with a diagnosis of definite MS. The ground truth was determined by a three-expert panel. In case-wise analysis, CAD interpretation showed higher sensitivity than a clinical report (87% vs 77%, respectively). Lesion-wise analysis demonstrated improved sensitivity of CAD over a routine clinical interpretation of 40%-48%. Mean software-assisted interpretation time was 2.7 min. Our study demonstrates the potential of including CAD software in the workflow of neuroradiology practice for the detection of MS lesional change. Automated quantification of temporal change in MS lesion load may also be used in clinical research, e.g., in drug trials.
Introduction
Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous system that affects more than 400,000 people in the US 1 . MRI is being used to detect MS lesions and to identify their temporal changes at regular follow-ups. Reliable identification of new or resolving lesions is important in making treatment decisions 2 . However, such an analysis poses a time-consuming challenge to the radiologist because of the high number of MR sequences and images required to fully assess temporal changes and the difficulty to make a side-by-side comparison of the same sequence at two time points. Small lesion changes can be difficult to identify, especially in heavy preexisting lesion burdens 3, 4 . Software that can help identify temporal changes reliably in a time efficient and automated manner can have a significant clinical impact especially at centers with large MS clinics.
We have developed a computer-assisted detection (CAD) software tool to automatically coregister and subtract the images of the brain across two time points. CAD works with 3D isotropic high-resolution FLAIR images acquired with a Siemens 3T Verio scanner via a new (baseline study), followed by skull removal and inhomogeneity correction. The second phase is image subtraction and generation of candidate new or resolved lesions. The range of lesion intensities for a particular scan is estimated dynamically using linear regression with parameters that had been determined off-line during training. Based on intensity estimation, the software computes thresholds dynamically and applies them to the output of the subtraction operation to eliminate false positives. It then displays the results in the form of a scrollable axial volume with colored new and resolved lesion voxels superimposed on the "time 1" reference scan ( Figure 2 ). Currently, the software takes about ten minutes to process a case on a workstation with an Intel core i7 processor, and 8 GB of RAM. The software has been previsously described 5 .
Study Design
The aim of the study was to compare the accuracy of the routine clinical radiological evaluation and software-aided only evaluation in the relation to the "ground truth". At the time of acquisition, an attending neuroradiologist helped by a neuroradiology fellow (a radiologist who has completed at least four years of general radiology training and nine months of subspecialty neuroradiology training) evaluated the current study in comparison to the prior one, using all sequences available in PACS, but without assistance from the CAD software, and generated a clinical report. Independently, the same 98 studies with prior scans were assessed by one neuroradiology fellow with one year of subspecialty training, using only the software output. For the software assessment, the fellow used a form on which he reported new (or enlarging) and resolved (or improving) lesions detected by the software, and specified the location and the side of the brain involved. The image-processing component of the software had been completed prior to this evaluation, so the fellow needed only scroll through the display panel for the assessment. The fellow considered only the flagged (colored) regions on the results display panel that were located within the brain tissue. The reader ignored the perceived false positives located outside the brain, e.g. within skull, and entered only the perceived true positives on the form. The fellow had reasonable exposure to the software prior to the experiment. The duration of software-protocol optimized for the visualization of MS lesions 5 . To help the neuroradiologist quickly identify and assess any change in MS lesions that may have occurred in the patient's brain, the software highlights the progressed or regressed lesions on the acquired images with a two-color code. We hypothesized that implementation of the CAD software in routine clinical use may aid neuroradiologists in evaluating the temporal change in brain MS lesions and shorten the assessment time. Thus, we compared the accuracy and duration of a softwareassisted detection with a routine clinical report against the "reference standard" established by a panel of experts.
Materials and Methods

Patients and Database Acquisition
Our Institution Review Board approved the protocol of the study. Ninety-eight MR paired examinations from 88 patients (68 women, 20 men, mean age 43.5, age range 21-75) with a diagnosis of definite MS were randomly selected from our institution's PACS. These patients had been scanned between January 2009 and April 2010 using our multi-sequence MS protocol on a Siemens Verio 3T scanner (Siemens, Erlangen, Germany). The software system uses only one sequence, the 3D fluid-attenuated inversion recovery (FLAIR) (TR/TE = 5000/395 ms, TI = 1800 ms), which uses a field of view of 250 × 250 × 160 mm, and a matrix of 256 × 256 × 160, resulting in a near isotropic 1 × 1 × 1 mm voxel size.
CAD System
The software runs on a Linux workstation, and the only operation needed prior to running the software is to export the two time point DICOM studies through the network from any PACS workstation to the Linux station. The software has a GUI console that allows the user to load the DICOM studies into the program and scroll through them, displays the patient's name and the study date, and has a graphical cropping tool that is used to remove unnecessary slices from the volumes. After cropping is performed, the user clicks on the "START" button to begin processing. The processing pipeline ( Figure 1 ) starts with rigid registration of the "time 2" (follow-up study) data to the "time 1" tion, Redmond, WA, USA). We had three sets of data reflecting detected changes in brain MS lesions: the result of the software-assisted analysis, the routine clinical reports and the expert panel's assessment; we therefore compared each dataset with the two others.
The differences in the number of cases diagnosed as "changed" between both detection methods and the panel of experts were analyzed with McNemar's test for symmetry. Differences in the number of individual lesions detected with both methods and by the expert panel were analyzed with Wilcoxon's signed rank test. For the correction related to multiple comparisons, a probability less than 0.017 was considered significant.
As a measure of diagnostic accuracy of the clinical report and software-assisted analysis, for case-wise analysis we calculated sensitivity, specificity, positive and negative predictive values (PPV and NPV respectively), efficiency and area under receiver-operator characteristic curve (AUC), and for lesion-wise analysis we calculated sensitivity, the ratio of false positives per case and PPV. assisted interpretation was recorded for each case, but this time did not include the image processing time.
To establish the "ground truth", all 98 pairs of MR studies were assessed by a panel of experts (one neurologist with five years of residency training in neurology and seven years of practice, and two neuroradiologists with two years of fellowship training and three years of practice) by reviewing all PACS images as well as the software-analysis results. First, the panel decided in every individual case, whether there was any change in brain MS lesions in the follow-up study in the relation to the prior scan. Second, the number of new (or growing) and/or resolved (or resolving) lesions was determined. Discrepancies were resolved by consensus.
Data Analysis
Statistical analyses were performed using SYSTAT 12 statistical software (SPSS Science, Chicago, IL), for Windows (Microsoft Corpora- Figure 1 Pre-processing pipeline. The software first performs co-registration of the time 2 volume, taking time 1 as the reference. Then skull removal is performed followed by bias field correction. The next step is image subtraction, which generates candidates for new lesions (red) and resolved lesions (green). Finally, a false positive removal step, based on intensity estimates both for normal lesions and normal structures is applied to increase specificity. In this example, the software found a resolved lesion in the right genu of the corpus callosum, and new lesions in the posterior periventricular white matter. Note that the skull is put back before visualization to maintain the visual "feel". routine clinical reports, however, identified significantly fewer patients with changed status in the follow-up MR in relation to the "ground truth". The difference between CAD and the clinical report in identification of temporal le-
Results
Identification of temporal changes in MS lesions with CAD software was consistent with the expert panel's assessment ( Table 1 ). The The larger image on the right contains the 3D "lesions" flagged by the software (red for new and green for resolved) over the time 1 volume as background brain. The scrolling bar acts synchronically on the 3 volumes. In this example, the software found two new lesions, one adjacent to the right trigone, and another in the left peritrigonal region, and a resolved lesion in the right genu of the corpus callosum.
The mean interpretation time with help of the software was 2.7 min (1-18 min; median = 2 min).
Discussion
The study showed that the CAD software was better able to identify temporal changes in MS lesions using a 3D FLAIR MR sequence in patients with definite MS compared to routine clinical interpretation. The sensitivity and false-positive ratio in identifying patients with new (or growing) lesions was improved with the software assistance. The detection of individual lesions that resolved (or shrank) showed a twofold higher sensitivity, but with a 2.5 times higher false positives ratio ( Table 3 and 4). We sion changes showed a trend toward statistical significance (Table 1) . CAD was found to be 10% to 28% more sensitive in detection of new or resolved lesions than the clinical report with a comparable efficiency and only slightly lower specificity ( Table 2) .
Lesion-wise, the CAD detected a significantly higher number of individual changes in brain MS lesions than the clinical report. However, neither CAD nor clinical reports detected all changes compared to the "ground truth" ( Table  3 ). The CAD was 48% more sensitive than the routine clinical interpretation in the detection of any change, and 40% to 47% higher for new and resolved lesions respectively (Table 4 ). We observed a small change in the false positives rate with software assistance of -0.01 for new lesions and 0.05 for resolved ones (Table 4) . CAD software exists for a variety of imaging modalities, i.e., mammography, chest radiology, and CT colonography, to improve the efficiency and inter-rater agreement of radiological interpretations. In most cases, CAD software operates in concert with a radiologist in order to generate an interpretation. CAD software can be tested by first establishing a database of studies with "ground truth" interpretations by a panel of experts, followed by testing with readers who interpret the studies with and without the help of the software [6] [7] [8] . These studies have the advantage of producing quantifiable, lesion-specific results.
Automated methods of detection, identification and quantification of MS lesions have been presented by many researchers 6, [9] [10] [11] [12] , most of them focusing on enhancing lesions [13] [14] [15] [16] [17] . The number of enhancing lesions on a follow-up examination has been considered an important parameter in assessing treatment efficacy or disease activity. believe this result could be improved by optimizing the program parameters further, and with additional training for interpreting neuroradiologists. This study shows the potential of using detection software in both clinical radiology and research. The program is primarily designed to work as a clinical aid for the neuroradiologist. The processing time is short enough for cases to be run in real time within the clinical workflow. The program parameters are tilted towards high sensitivity, but nevertheless have a low rate of false positives, allowing for efficient assessment of temporal changes. The program could also be used in clinical research, e.g., in drug trials, where consistent and reproducible detection of temporal changes with reliable sensitivity and specificity is of great value. The program presented here does not quantify the exact volume of each lesion, or the total change in lesion load, but this capability could be readily introduced. is that a significant number of false positives would have been associated with a fairly low confidence, contrary to the true positives, and therefore it would have been possible to retain high sensitivity while eliminating low-confidence perceived lesions. The reason for this conjecture is that most of the false positives, as explained above, occurred in specific areas.
We believe that a significant number of false positives could have been avoided had the fellow been more experienced with the software's behavior, especially as it generates a relatively high number of flagged regions -and a relatively high number of false positives -in two specific locations because of phase artifacts: the anterior temporal lobes, and the brainstem (Figure 3 ). The second area, the brainstem, is a notoriously difficult area for FLAIR 18, 19 . The need to rule out false positives by human readers has the potential to increase reading time. However, a previous study of CT colonography CAD software demonstrated that false positives had limited effect on the interpretations of experienced radiologists 20 .
A second limitation is the undercount stemming from the occasional failure of clinical reports to state a precise number of new lesions, particularly when the number is greater than a handful. This situation occurred eight times out of 98 cases. As stated previously, if the report mentions "at least n" new lesions, we assigned (n + 1) to the number of new lesions detected in that case. This explains the drop in sensitivity for clinical interpretation from 0.72 for case-wise performance to 0.26 for lesion-wise performance. Of course, this penalizes the clinical interpretation unfairly, since no explicit demand of accurate count was made to clinical neuroradiologists. From a clinical perspective, non-enhancing new lesions are also of great interest. In fact, as the arsenal of available treatment options is growing, neurologists caring for MS patients are even more interested than ever before in knowing whether new lesions have arisen from the prior scan, regardless of their enhancing status. The program is not designed to detect enhancing lesions, however, we do not believe that those represent a clinical issue. It is relatively easy to detect enhancing lesions "manually". More difficult is spotting non-enhancing new lesions, especially in a background of heavy, pre-existing lesion load. The capability to detect enhancing lesions could nevertheless be added to the package in a relatively straightforward manner but it would increase the computing time. Most of the similar work done previously has also focused on automatic detection. We depart from this approach, and propose CAD software aimed at helping the neuroradiologist in clinical interpretation. This approach allows for faster computing time, and, we believe, is a more practical and realistic approach that can make a clinical impact. In addition, when compared to similar published work, our study is the largest to have compared software-assisted interpretation with interpretation performed in a real clinical setting. In addition, our CAD software identifies any change in lesion load: both enlarging and shrinking lesions.
One limitation of our study is the lack of confidence index associated with the perceived lesional changes recorded by the fellow on the study form. This missing information would have allowed a free-response receiver operating characteristic (FROC) curve to be generated to show the dependence of sensitivity with the rate of false positives. Our presumption 
Conclusion
We showed the superior accuracy of the software-assisted interpretation over the clinical interpretation in the detection of MS lesion changes over time. Our study demonstrates the potential of including CAD-like software in the workflow of neuroradiology practice, especially in the assessment of change in serial studies. Such software may improve the accuracy of the detection, and shorten the time of interpretation.
A third limitation is the lack of interobserver agreement analysis, since each case was reviewed only once with software assistance, and naturally, only once in the clinical setting. Fourthly and finally, the software was trained to work on imaging data acquired with a specific MR scanner, and under a specific scanning protocol. However, it would be relatively straightforward to train the program parameters on a different FLAIR sequence, as long as it is 3D, which is probably a requirement for good performance.
